Abstract: An extensive experimental and computational investigation of the fatigue behavior of friction stir welding (FSW) of aluminum-lithium alloy (AA2099) is presented. In this study, friction stir butt welds were created by joining AA2099 using two different welding parameter sets. After FSW, microstructure characterization was carried out using microhardness testing, scanning electron microscopy, and transmission electron microscopy techniques. In particular, the metastable strengthening precipitates T 1 (Al 2 CuLi) and δ'(Al 3 Li) seen in the base metal were observed to coarsen and dissolve due to the FSW process. In order to evaluate the static and fatigue behavior of the FSW of the AA2099, monotonic tensile and fully-reversed strain-controlled fatigue testing were performed. Mechanical testing of the FSW specimens found a decrease in the ultimate tensile strength and fatigue life compared to the base metal. While the process parameters had an effect on the monotonic properties, no significant difference was observed in the number of cycles to failure between the FSW parameters explored in this study. Furthermore, post-mortem fractography analysis of the FSW specimens displayed crack deflection, transgranular fracture, and delamination failure features commonly observed in other parent Al-Li alloys. Lastly, a microstructurally-sensitive fatigue model was used to elucidate the influence of the FSW process on fatigue life based on variations in grain size, microhardness, and particle size in the AA2099 FSW.
Introduction
Aluminum-lithium (Al-Li) alloys are attractive lightweight alloys due to their lower density and higher strength compared to conventional aluminum alloys. Al-Li alloys offer enhanced fatigue crack growth resistance, greater specific strength, high fracture toughness, density reduction, stiffness increase, and superior corrosion resistance in comparison to traditional aerospace alloys [1, 2] . Significant challenges arise when using 2xxx and 7xxx aluminum alloys during the joining and assembly methods. The susceptibility to the formation of secondary and brittle phases, solidification cracking, high distortion, and residual stress during conventional fusion welding make these alloys difficult to join [3, 4] .
Friction stir welding (FSW) is a solid-state process in which a rotating tool with a shoulder and pin is plunged into the material(s) generating frictional heat that raises the temperature of the material above the recrystallization temperature yet below the melting temperature. Localized heating softens the material and enables the material to flow plastically around the pin and join the interfaces together [5] [6] [7] . Friction stir welding technology has successfully shown the ability to join multiple materials, including high-strength aluminum alloys not capable of being joined through conventional welding [8] [9] [10] [11] [12] [13] [14] [15] [16] . Although aluminum-lithium alloys have shown some success in electron beam welding [17] , laser beam welding [18] , and fiber laser welding [19] , FSW has exhibited better microstructural and mechanical properties without the inefficiencies seen with other welding techniques [20] [21] [22] [23] .
While the mechanical properties [24] [25] [26] [27] [28] and fatigue life [20, 29, 30] of FSW Al-Li alloys have been quantified in limited studies, a lack of information exists concerning the fatigue behavior of aluminum lithium 2099 (AA2099) joined via FSW. As such, to best of the authors' knowledge, this is first study to investigate the structure-property-fatigue performance relationship of FSW of AA2099.
Materials and Methods
Rolled 5-mm-thick AA2099-T83 plates with a width and length of 88.9 mm and 457.2 mm, respectively, were used to fabricate friction stir butt welds. The nominal composition of AA2099 is listed in Table 1 . Welds were produced using the following two parameter sets: Parameter Set I (400 rpm and 100 mm/min) and Parameter Set II (700 rpm and 500 mm/min). A tilt angle of −1.5 degrees and a maximum plunge force of 15 kN were kept constant through both parameter sets. Samples were taken perpendicular to the welding direction in the longitudinal direction. A schematic of the plate setup is shown in Figure 1a . A cylindrical threaded tool used in this study consisting of a pin and shoulder with diameters of 5 mm and 12.4 mm, respectively, is shown in Figure 1b . Dog-bone-shaped fatigue specimens were machined in accordance with the American Society for Testing and Materials (ASTM) E606 standard with a gage length of 25.4 mm and a gage width of 6.35mm, as shown in Figure 1c .
To characterize the mechanical properties of AA2099, uniaxial monotonic tensile tests and fully reversed strain-controlled fatigue tests were conducted using an MTS (Eden Prairie, MN, USA) servo-hydraulic load frame. All tests were performed in ambient laboratory conditions. Uniaxial monotonic tensile tests were performed at a strain rate of 0.001/s. Fully reversed (R = −1) strain-controlled fatigue testing was measured and controlled using a 25.4-mm gage length axial extensometer attached to the gage section of the fatigue specimens. A sinusoidal cyclic loading curve was applied using a frequency of 5 Hz for the first 20,000 cycles. If a specimen did not fail by 20,000 cycles, the test was stopped and performed in load control at 20 Hz until final fracture. A minimum of three replicates were conducted at each loading amplitude. To characterize the mechanical properties of AA2099, uniaxial monotonic tensile tests and fully reversed strain-controlled fatigue tests were conducted using an MTS (Eden Prairie, MN, USA) servohydraulic load frame. All tests were performed in ambient laboratory conditions. Uniaxial monotonic tensile tests were performed at a strain rate of 0.001/s. Fully reversed (R = −1) strain-controlled fatigue testing was measured and controlled using a 25.4-mm gage length axial extensometer attached to the gage section of the fatigue specimens. A sinusoidal cyclic loading curve was applied using a frequency of 5 Hz for the first 20,000 cycles. If a specimen did not fail by 20,000 cycles, the test was stopped and performed in load control at 20 Hz until final fracture. A minimum of three replicates were conducted at each loading amplitude.
Microstructural characterization was performed using optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Transverse, longitudinal, and top sections of the FSW plate were mounted in cold curing epoxy resin and mechanically ground with SiC papers to 4000 grit and polished to 0.05 μm with diamond suspensions and colloidal silica. Metallographic samples were chemically etched with Keller's reagent (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl, 1 mL HF). Deionized water was used to remove the etching solution. The etched samples were analyzed with a Keyence VHX100 digital optical microscope and a Tescan LYRA3 FE-SEM (Tescan USA, Warrendale, PA, USA). Hardness measurements were made on welded cross-sections using a Clemex MMT-X7B microhardness tester (Clemex, Longueuil, QC, Canada) where the spacing between each indent was 0.45 mm.
Cross-sections of AA2099 specimens were lifted out for TEM study using an FEI Quanta 3D Dual Beam, focused ion beam (FIB) instrument. The lift-out cross-sections were about 15 μm in length, 1 μm in width, and 5 μm in depth. Then the lift-out cross-sections were thinned to electron transparency using a gallium ion beam at 30 kV and finally polished using a gallium ion beam at 5 kV with a Tescan Lyra FIB-FESEM instrument. The TEM study was performed on these thin foils using an FEI Tecnai F-20 scanning/transmission electron microscope ((S)TEM) operated at 200 kV, equipped with a CCD camera, high angle annular dark field (HAADF) detector, and EDAX energy dispersive X-ray system (Thermo Fisher Scientific, Hillsboro, OR, USA).
Fractured specimen surfaces were cut and mounted for observation by using the SEM with secondary electron imaging and backscattered electron imaging to quantify the crack nucleation and crack growth mechanisms. Striation spacing and microscopic fracture features were used to analyze small crack growth. Microstructural characterization was performed using optical microscopy (OM), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Transverse, longitudinal, and top sections of the FSW plate were mounted in cold curing epoxy resin and mechanically ground with SiC papers to 4000 grit and polished to 0.05 µm with diamond suspensions and colloidal silica. Metallographic samples were chemically etched with Keller's reagent (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl, 1 mL HF). Deionized water was used to remove the etching solution. The etched samples were analyzed with a Keyence VHX100 digital optical microscope and a Tescan LYRA3 FE-SEM (Tescan USA, Warrendale, PA, USA). Hardness measurements were made on welded cross-sections using a Clemex MMT-X7B microhardness tester (Clemex, Longueuil, QC, Canada) where the spacing between each indent was 0.45 mm.
Cross-sections of AA2099 specimens were lifted out for TEM study using an FEI Quanta 3D Dual Beam, focused ion beam (FIB) instrument. The lift-out cross-sections were about 15 µm in length, 1 µm in width, and 5 µm in depth. Then the lift-out cross-sections were thinned to electron transparency using a gallium ion beam at 30 kV and finally polished using a gallium ion beam at 5 kV with a Tescan Lyra FIB-FESEM instrument. The TEM study was performed on these thin foils using an FEI Tecnai F-20 scanning/transmission electron microscope ((S)TEM) operated at 200 kV, equipped with a CCD camera, high angle annular dark field (HAADF) detector, and EDAX energy dispersive X-ray system (Thermo Fisher Scientific, Hillsboro, OR, USA).
Fractured specimen surfaces were cut and mounted for observation by using the SEM with secondary electron imaging and backscattered electron imaging to quantify the crack nucleation and crack growth mechanisms. Striation spacing and microscopic fracture features were used to analyze small crack growth.
Multistage Fatigue Model
In order to aid in understanding the role of microstructure influence on the fatigue behavior of the FSW AA2099, the multistage fatigue (MSF) model was employed in this study. The MSF model uses a microstructure-sensitive and multi-stage approach to predict fatigue damage in metals. The MSF model separates the fatigue damage process into the following four stages: incubation (INC), microstructurally small crack (MSC) growth, physical small crack (PSC) growth, and long crack 
where N total is the total fatigue life, or the total number of cycles until failure. The incubation life, N inc, is the initial stage of the formation of fatigue cracks. The condensed small crack growth stage, N MSC
PSC
, represents the number of cycles necessary for the propagation of a microstructurally small, physical crack to reach a critical length. The last stage, N LC , is the number of cycles required for the advancement of a long crack to ultimate fracture. The MSF model has been modified and extended for a variety of materials and applications since its development [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
Incubation
The crack incubation stage encompasses the nucleation and propagation through the root of a microscopic inclusion. For the initial phase of crack growth, N inc represents the number of cycles until the establishment of a fatigue crack, which is characterized by the occurrence of microscopic damage. The MSF model employs a revised Coffin-Manson law for crack incubation for enhanced micro-scale relationships:
where β is a non-local parameter that describes the damage at an inclusion, C inc is the linear coefficient, q is a material dependent constant, N inc is the incubation life, α is the exponential coefficient,
is the local average maximum plastic shear strain amplitude, ε a is the remote applied strain amplitude, and ε th is the micro-plasticity strain threshold. The expression ψ = (
γ is a function of the maximum particle size (MPS), nearest neighbor distance (NND), grain size (GS), and the sensitivity exponent (γ). The term ψ is a relationship that integrates experimentally observed microstructure characteristics to enhance model receptiveness to microstructure variation. In this work, the MSF model was modified to include the effect of competing mechanisms of grain size and hardness in fatigue life of FSW:
where HVo and GSo are the hardness and grain size of the reference material, respectively. HV and GS are the hardness and grain size of the weakest zone generated by the friction stir welding process and the parameter j is dependent on the material properties. The localization multiplier, z which is non-zero above the microplasticity limit and shifts to unity as plastic shear strain increases, is given as
where D is the size of the inclusion that is most favorable to initiate a fatigue crack, l is the size of the non-linear plastic zone in front of the inclusion, and η lim is the limiting factor. The ratio l/D is defined as the square root of the ratio of the area of the developed plastic zone to the total area of the suspended inclusion, which represents the localized plastic region developed around an inclusion. The conversion from constrained to unconstrained plasticity at the micronotch root is defined as η lim , which is dictated by the ratio of the size of the plastic zone to the size of the inclusion as a function of the applied strain amplitude. The final section of the incubation of the MSF model concentrates on the evolution of the strain field around the inclusion. To show the relationship between the growth of local plastic strain and local plastic shear, the parameter Y is used:
where y 1 and y 2 are model constants associated with the remote applied strain translation and local plastic shear strain, and R is the load ratio. Y = y 1 under fully reversed strain controlled loading.
Additionally, when the previously discussed parameter l/D reaches its limit η lim < l D ≤ 1 , the parameter Y is enhanced to include geometric effects:
where ζ is geometric factor in the micromechanics study. The cyclic non-local plastic shear strain as function of remote loading strain amplitude is used to calculate the cyclic plastic zone size:
where r is the shape constant for the evolution to partial microplasticity, ε th is the strain threshold, and ε per is the percolation limit. Through micromechanical simulations, the microplasticity constants ε th , ε per , and ε a were established. The values can also be calculated by using the standard endurance is the cyclic yield stress, and E is the elastic modulus. The fatigue crack transitions into the next phase of fatigue damage when the localized plastic zone has been saturated.
Small Crack Growth
For both microstructurally small and physically small crack growth, the crack tip displacement is the dominant driving force for crack growth, as shown in the leading crack growth law:
where ∆CTD represents the crack tip displacement range, ∆CTD th symbolizes the crack tip displacement range threshold, χ is a material constant relating to crack growth rate in the microstructure, and a i is the initial crack length, as a function of inclusion size. The crack tip displacement threshold range (∆CTD th ) is defined by the Burger's vector for pure face centered cubic (FCC) aluminum (2.85 × 10 −4 µm). The χ parameter is typically less than unity and estimated as 0.35 for aluminum alloys [39] . Showing fluctuating degrees of influence, the crack tip displacement range is reasonably proportional to the length of the crack and applied stress amplitude (σ a ) for high cycle fatigue and macroscopic, plastic shear strain range in low cycle fatigue. Equation (10) defines ∆CTD as a function of remote applied loading.
The material dependent constants, C I for low-cycle fatigue and C I I and ζ for high-cycle fatigue, capture the effects of the microstructure on small crack growth. GS 0 is the reference grain size, GS is the specific grain size, and ω is a material constant which incorporate grain size and crystallographic orientation effects into the equation [32] . The linear incorporation of effective stress amplitude,
, maximum principal stress range, ∆σ 1 , and path dependent loading parameter between 0 ≤ θ ≤ 1, defines the equivalent uniaxial stress amplitude, ∆σ = σ a + (1 − θ) ∆σ 1 . To account for loading ratio effects, the parameter U is employed, where for R ≤ 0, U = 1 1−R , and for R > 0, U = 1.
Long Crack Growth
The MSF model encompassed LC growth damage using fracture mechanics. However, due to the test specimen sizes used in this study, LC growth represents only a small portion of the total number of cycles to failure. Because MSC/PSC crack growth laws have shown to be valid on cracks several millimeters in length, the LC growth regime was not considered. Consequently, the MSF model in this work will be developed to constitute only the incubation and MSC/PSC stages of fatigue similar to References [37, 40] .
Results

Microstructure
Grain Structure
The etched transverse cross sections of welds produced from two different welding parameter sets are shown in Figure 2a ,b. No void or large defects were observed in either of the transverse cross-sections. In both of the welds, four main regions can be identified: the stir zone (SZ), the thermo-mechanical affected zone (TMAZ), the heat affected zone (HAZ), and the base metal (BM). The macrographs include weld formation, and nugget widths were detected. Weld I showed a larger weld nugget due to the higher heat input associated with lower transverse speed. In contrast, Weld II exhibited a robust weld with a relatively small nugget zone, indicating sufficient heat input and appropriate stirring action that allowed for full plastic flow. The size of the weld nugget was inversely proportional to the transverse speed due to the linear heat input, as seen in other FSW aluminum alloys [1, 2] . Figure 2c ,d shows the stir zone in Weld I and Weld II. The microstructure of the SZ displays a fine dynamically recrystallized microstructure due to the high heat inputs and severe plastic deformation created from the direct contact with the rotating pin. The SZ in Weld I was considerably larger than that of Weld II. The HAZ of Welds I and II, shown in Figure 2e ,f, did not experience any mechanical deformation and have similar grain structures to BM, but exhibit a decrease in hardness, attributable to the heat effects from the weld [30, 31] .
The AA2099 contains intermetallic particles that frequently contain low solubility elements, such as Fe, and are rich in Cu and Mn [1, 41, 42] . While both welds contain these intermetallic particles, Weld I had a much larger amount of these particles (Figure 2e,f) . Due to the increased local shear stress caused by the micronotch, these intermetallic particles often served as a fatigue crack nucleation site during fatigue loading. This observation will be discussed in more detail later. 
Microhardness
Figure 3a,b show the microhardness profiles across Weld I and Weld II. The hardness of the SZ was lower than that of the surrounding HAZ and considerably lower than that of the BM in both weld parameter sets. The BM exhibited the highest hardness due to it retaining the strengthening precipitates. Although Welds I and II displayed similar cross-section hardness profiles, the hardness values in the SZ of Weld I were slightly lower than those of Weld II. Weld I was produced at lower transverse speeds, which increased the linear heat input into the material, enabling further dissolution and coarsening of the strengthening phases. A smaller HAZ was observed in Weld II, resulting in higher hardness values closer to the weld center line. The higher transverse speed of Weld II reduced the linear heat input, and thus reduced the heat to dissipate, affecting less material. Figure 3a ,b show the microhardness profiles across Weld I and Weld II. The hardness of the SZ was lower than that of the surrounding HAZ and considerably lower than that of the BM in both weld parameter sets. The BM exhibited the highest hardness due to it retaining the strengthening precipitates. Although Welds I and II displayed similar cross-section hardness profiles, the hardness values in the SZ of Weld I were slightly lower than those of Weld II. Weld I was produced at lower transverse speeds, which increased the linear heat input into the material, enabling further dissolution and coarsening of the strengthening phases. A smaller HAZ was observed in Weld II, resulting in higher hardness values closer to the weld center line. The higher transverse speed of Weld II reduced the linear heat input, and thus reduced the heat to dissipate, affecting less material. c) were observed. In these images, the level of brightness scales with the average atomic number of the particle (i.e., heavier particles show brighter contrast in comparison with the matrix). The T1 precipitates were Cu-rich and were seen as bright platelets, consistent with the literature [43] . These particles help to block dislocation movement within the material, and thus increase strength. The δ' precipitates were Li-rich and were seen as dark, spherical (or dot-shaped) precipitates. Selected area diffraction (SAD) data from each corresponding region confirmed the identity of the T1 and delta-prime precipitates.
Depending on the FSW process parameters, the heat input varies, affecting the types and sizes of precipitates. Figure 4b shows the HAZ of the Weld I produced at 400 rpm and 100 mm/min. The fine plate-shaped T1 precipitates coarsened due to the heat input from FSW and were much larger (103-258 nm) than the BM (29-104 nm). Figure 4c shows the HAZ of a Weld II produced at 700 rpm and 500 mm/min. Due to the lower heat input seen with higher transverse speeds, the number of T1 strengthening precipitates seen was considerably higher than that of the previous weld. In addition, the precipitates had only coarsened slightly (37-125 nm) as compared to the BM (29-104 nm). The T1 precipitates coarsened considerably during FSW process I, but only marginally in FSW process II. With the increase in precipitate size, an increase in the spacing between precipitates became noticeable. This increase in spacing will reduce the Orowan strengthening for the material. The diffraction patterns taken from both welds showed no precipitates other than T1. The heat input from FSW caused the dissolution of the δ' precipitates, resulting in the reduction of strength observed in the welds. The coarsening and dissolution of strengthening precipitates is commonly seen in other FSW Al-Li alloys [21, 25, 44] . (Figure 4a-c) were observed. In these images, the level of brightness scales with the average atomic number of the particle (i.e., heavier particles show brighter contrast in comparison with the matrix). The T 1 precipitates were Cu-rich and were seen as bright platelets, consistent with the literature [43] . These particles help to block dislocation movement within the material, and thus increase strength. The δ' precipitates were Li-rich and were seen as dark, spherical (or dot-shaped) precipitates. Selected area diffraction (SAD) data from each corresponding region confirmed the identity of the T 1 and delta-prime precipitates.
Depending on the FSW process parameters, the heat input varies, affecting the types and sizes of precipitates. Figure 4b shows the HAZ of the Weld I produced at 400 rpm and 100 mm/min. The fine plate-shaped T 1 precipitates coarsened due to the heat input from FSW and were much larger (103-258 nm) than the BM (29-104 nm). Figure 4c shows the HAZ of a Weld II produced at 700 rpm and 500 mm/min. Due to the lower heat input seen with higher transverse speeds, the number of T 1 strengthening precipitates seen was considerably higher than that of the previous weld. In addition, the precipitates had only coarsened slightly (37-125 nm) as compared to the BM (29-104 nm). The T 1 precipitates coarsened considerably during FSW process I, but only marginally in FSW process II. With the increase in precipitate size, an increase in the spacing between precipitates became noticeable. This increase in spacing will reduce the Orowan strengthening for the material. The diffraction patterns taken from both welds showed no precipitates other than T 1 . The heat input from FSW caused the dissolution of the δ' precipitates, resulting in the reduction of strength observed in the welds. The coarsening and dissolution of strengthening precipitates is commonly seen in other FSW Al-Li alloys [21, 25, 44] . Figure 5 shows the experimental monotonic stress-strain curves for the BM AA2099 and the FSW AA2099 produced at 400 rpm and 100 mm/min and the FSW AA2099 produced at 700 rpm and 500 mm/min. The results of the tensile tests show evidence of work hardening in the BM. The two FSW conditions also show a slight level of work hardening but less than that of the BM. The ultimate and yield strength of the BM was significantly higher than those of the FSW specimens, indicating that the heat from the FSW process changed the microstructure and negatively impacted the strength. Additionally, FSW AA2099 produced at 700 rpm and 500 mm/min showed a higher ultimate and yield strength than the FSW AA2099 produced at 400 rpm and 100 mm/min, demonstrating 700 rpm and 500mm/min to be more ideal process parameters. Figure 5 shows the experimental monotonic stress-strain curves for the BM AA2099 and the FSW AA2099 produced at 400 rpm and 100 mm/min and the FSW AA2099 produced at 700 rpm and 500 mm/min. The results of the tensile tests show evidence of work hardening in the BM. The two FSW conditions also show a slight level of work hardening but less than that of the BM. The ultimate and yield strength of the BM was significantly higher than those of the FSW specimens, indicating that the heat from the FSW process changed the microstructure and negatively impacted the strength. Additionally, FSW AA2099 produced at 700 rpm and 500 mm/min showed a higher ultimate and yield strength than the FSW AA2099 produced at 400 rpm and 100 mm/min, demonstrating 700 rpm and 500 mm/min to be more ideal process parameters. Figure 6 shows the first and half-life stabilized hysteresis loops for FSW AA2099 at two different strain amplitudes. These loops were mainly symmetrical without any notable asymmetry, which is commonly seen due to the Bauschinger effect. All hysteresis loops displayed levels of strain hardening in the materials. At higher strain amplitudes, the level of strain hardening decreased, and the amount of plasticity increased. Figure 7a ,c show representative hysteresis loops for the 0.4% strain amplitude for both welds. Welds produced at 400 rpm show a much higher level of plasticity than welds produced at 700 rpm due to the lower yield strength of welds produced at 400 rpm. Figure 6 shows the first and half-life stabilized hysteresis loops for FSW AA2099 at two different strain amplitudes. These loops were mainly symmetrical without any notable asymmetry, which is commonly seen due to the Bauschinger effect. All hysteresis loops displayed levels of strain hardening in the materials. At higher strain amplitudes, the level of strain hardening decreased, and the amount of plasticity increased. Figure 7a ,c show representative hysteresis loops for the 0.4% strain amplitude for both welds. Welds produced at 400 rpm show a much higher level of plasticity than welds produced at 700 rpm due to the lower yield strength of welds produced at 400 rpm. Figure 6 shows the first and half-life stabilized hysteresis loops for FSW AA2099 at two different strain amplitudes. These loops were mainly symmetrical without any notable asymmetry, which is commonly seen due to the Bauschinger effect. All hysteresis loops displayed levels of strain hardening in the materials. At higher strain amplitudes, the level of strain hardening decreased, and the amount of plasticity increased. Figure 7a ,c show representative hysteresis loops for the 0.4% strain amplitude for both welds. Welds produced at 400 rpm show a much higher level of plasticity than welds produced at 700 rpm due to the lower yield strength of welds produced at 400 rpm. Figure 7 shows the experimental strain-life results, with the engineering strain amplitude (mm/mm) plotted against the number of reversals to failure for completely reversed (R = −1) fatigue loading on both welds. Figure 7a shows the results associated with the AA2099 base metal. Note that at a strain amplitude of 0.002 the specimens did not fail, and an arrow denotes run-out. A linear relationship is in the log-log plot from 0.4% to 0.9%. Below a strain amplitude of 0.3%, the slope of the data changes. This behavior has been seen elsewhere and is due to the evolution from unconstrained microplasticity to constrained microplasticity [32, 34, 45] . For strain amplitudes below 0.3%, the loading is completely elastic. In contrast, at strain amplitudes above 0.1%, the plastic strain amplitude dominates. Figure 7b ,c show the strain-life behavior for FSW AA2099 with process parameters 400 rpm and 100 mm/min (Weld I) and 700 rpm and 500 mm/min (Weld II). Both results are similar to the behavior seen in the base metal. A linear pattern was also observed, yet the evolution from low cycle to high cycle is less prominent than that of the base metal. Figure 7d shows the strain-life fatigue results for BM and both FSWs. Overall, the BM demonstrates higher fatigue resistance in both high-cycle and low-cycle fatigue than the two FSW parameter sets. For low-cycle fatigue, the two welding parameters displayed similar fatigue results. However, in the high-cycle fatigue regime, Weld II (700 rpm and 500 mm/min) showed fatigue lives on the order of 1.5-2 times greater than the Weld I (400 rpm and 100 mm/min). This lower fatigue resistance of Weld I is due to the excessive dissolution and coarsening of the strengthening precipitates previously discussed. Figure 7 shows the experimental strain-life results, with the engineering strain amplitude (mm/mm) plotted against the number of reversals to failure for completely reversed (R = −1) fatigue loading on both welds. Figure 7a shows the results associated with the AA2099 base metal. Note that at a strain amplitude of 0.002 the specimens did not fail, and an arrow denotes run-out. A linear relationship is in the log-log plot from 0.4% to 0.9%. Below a strain amplitude of 0.3%, the slope of the data changes. This behavior has been seen elsewhere and is due to the evolution from unconstrained microplasticity to constrained microplasticity [32, 34, 45] . For strain amplitudes below 0.3%, the loading is completely elastic. In contrast, at strain amplitudes above 0.1%, the plastic strain amplitude dominates. Figure 7b ,c show the strain-life behavior for FSW AA2099 with process parameters 400 rpm and 100 mm/min (Weld I) and 700 rpm and 500 mm/min (Weld II). Both results are similar to the behavior seen in the base metal. A linear pattern was also observed, yet the evolution from low cycle to high cycle is less prominent than that of the base metal. Figure 7d shows the strain-life fatigue results for BM and both FSWs. Overall, the BM demonstrates higher fatigue resistance in both high-cycle and low-cycle fatigue than the two FSW parameter sets. For low-cycle fatigue, the two welding parameters displayed similar fatigue results. However, in the high-cycle fatigue regime, Weld II (700 rpm and 500 mm/min) showed fatigue lives on the order of 1.5-2 times greater than the Weld I (400 rpm and 100 mm/min). This lower fatigue resistance of Weld I is due to the excessive dissolution and coarsening of the strengthening precipitates previously discussed. While the two weld parameters exhibited similar but slightly different fatigue lives in the high cycle regime, the overall similarity of the performance of the welds was due to the lack volumetric defects. Since the welds produced in this study were free of volumetric defects, the mechanics of While the two weld parameters exhibited similar but slightly different fatigue lives in the high cycle regime, the overall similarity of the performance of the welds was due to the lack volumetric defects. Since the welds produced in this study were free of volumetric defects, the mechanics of fatigue crack nucleation and small crack growth produced a similar number of cycles to failure. However, if one of the welding parameters contained large voids, we would expect to see a significantly different number of cycles to failure. Also shown in Figure 7a -c are the strain-based model correlations and the corresponding parameters. The total strain-life, including both the elastic and plastic regimes, was plotted with the strain-life equation shown below:
Monotonic Stress-Strain Behavior
Low-Cycle Fatigue Parameters
where ∆ε Total 2 is the total strain amplitude, ∆ε e 2 is the elastic strain amplitude, and ∆ε P 2 is the plastic strain amplitude. The Basquin equation represents the elastic strain amplitude, and the Coffin-Manson relationship was used for the plastic strain amplitude, as shown in Equations (12) and (13):
where E is the elastic modulus, σ f is the fatigue strength coefficient, b is the fatigue strength exponent, 2N f is the number of reversals to failure, ε f is the fatigue ductility coefficient, and c is the fatigue ductility exponent. In Figure 7 , the symbols represent the experimental results from this study, the solid line is the total strain-life equation, and the dashed and dotted lines are the elastic and plastic strain components, respectively. Table 2 shows the strain-life fatigue parameters and constants used for determining the cyclic stress-strain behavior of the BM and both FSWs. Figure 8 shows the representative fractured specimens of FSW AA2099 for welds produced at 400 rpm and 100 mm/min (Weld I) and 700 rpm and 500 mm/min (Weld II) after strain-controlled fatigue testing. Examination of the fracture surfaces revealed that Weld I specimens failed along the TMAZ/HAZ region on the retreating side and exhibited a tumultuous surface. Weld II specimens failed along a 45-degree angle. Strong crystallographic texture existing in Al-Li alloys caused crack deflection resulting in these fractured surfaces [46] [47] [48] . Interestingly, Weld II specimens failed closer to the weld nugget due to the smaller HAZ associated with this parameter set. Figure 10 shows a representative crack initiation site on the fracture surface corresponding to a tool rotational rate of 700 rpm and a transverse speed of 500 mm/min tested at a 0.3% strain amplitude. As seen in Figure 10a , the crack nucleated at the bottom right hand side of the fractured surface. A secondary crack is seen to initiate from a cracked particle within the interior of the surface as shown in Figure 10b . This evidence of cracked particles is seen in literature of other Al-Li alloys [22, 49] . A higher magnification image of the crack initiation site is shown in Figure 10c . An inclusion is seen to initiate a crack with fatigue striations at the nucleation site, as commonly observed in other aluminum alloys. Figure 10 shows a representative crack initiation site on the fracture surface corresponding to a tool rotational rate of 700 rpm and a transverse speed of 500 mm/min tested at a 0.3% strain amplitude. As seen in Figure 10a , the crack nucleated at the bottom right hand side of the fractured surface. A secondary crack is seen to initiate from a cracked particle within the interior of the surface as shown in Figure 10b . This evidence of cracked particles is seen in literature of other Al-Li alloys [22, 49] . A higher magnification image of the crack initiation site is shown in Figure 10c . An inclusion is seen to initiate a crack with fatigue striations at the nucleation site, as commonly observed in other aluminum alloys. Figure 11 shows a representative crack initiation site on the fracture surface corresponding to Weld I tested at a 0.8% strain amplitude. As seen in Figure 11a , there are multiple crack nucleation sites on the crown and root of the weld. Smooth, faceted surface and ductile feature characteristic Figure 11 shows a representative crack initiation site on the fracture surface corresponding to Weld I tested at a 0.8% strain amplitude. As seen in Figure 11a , there are multiple crack nucleation sites on the crown and root of the weld. Smooth, faceted surface and ductile feature characteristic types of fracture were observed. A closer examination of one of the crack initiation sites shown in Figure 11b shows that an agglomeration of small secondary phase particles initiated a crack. Crack branching and secondary cracks can be observed originating from the main larger crack. Zhong et al. [49] also observed crack bifurcation and secondary cracks originating from brittle grain boundaries. Figure 11c shows a fast fracture region on the fractured surface. The fractures occurred in the HAZ displaying elongated grains from rolling with delaminated features on perceived slip bands as shown in Figure 11b . Huang et al. [50] and Kalyanam et al. [51] reported similar fatigue mechanisms in Al-Li alloys. In general, the fatigue fracture surfaces were characterized by fatigue striations and secondary particles. 
MSF Model Correlation
The total fatigue life in the MSF model employed to model the AA2099 joined by FSW was separated into two main stages: the number of cycles to incubate a crack and the number of cycles for the MSC/PSC growth stage. The incubation stage, which is based on the number of cycles to incubate a crack through the micronotch root plasticity zone, is a function of shear strain developed at micronotches. In the MSC/PSC stage, the cyclic crack tip plasticity is the dominant factor in crack growth. For this study, the MSF model captured the underling effects of the FSW process on the fatigue life by using the experiments performed in Section 3.1-3.4 to calibrate the model. To enhance the model's receptiveness to variation in microstructure and to better capture competing mechanisms of grain size influence and hardness due to the effects of FSW, the term (Equation 3) was used as a relationship that integrates experimentally observed microstructural characteristics, such as grain size and hardness variation in the weld. The MSF parameters used in this study are listed in Table 3 . 
The total fatigue life in the MSF model employed to model the AA2099 joined by FSW was separated into two main stages: the number of cycles to incubate a crack and the number of cycles for the MSC/PSC growth stage. The incubation stage, which is based on the number of cycles to incubate a crack through the micronotch root plasticity zone, is a function of shear strain developed at micronotches. In the MSC/PSC stage, the cyclic crack tip plasticity is the dominant factor in crack growth. For this study, the MSF model captured the underling effects of the FSW process on the fatigue life by using the experiments performed in Sections 3.1-3.4 to calibrate the model. To enhance the model's receptiveness to variation in microstructure and to better capture competing mechanisms of grain size influence and hardness due to the effects of FSW, the term (Equation (3)) was used as a relationship that integrates experimentally observed microstructural characteristics, such as grain size and hardness variation in the weld. The MSF parameters used in this study are listed in Table 3 . Figure 12 shows the fatigue life with an MSF model fit to the results for the BM (Figure 12a ), FSW AA2099 produced at 400 rpm and 100 mm/min (Figure 12b ), and FSW AA2099 produced at 700 rpm and 500 mm/min (Figure 12c ). The material parameters yield strength (σ y ), ultimate strength (σ ult ), hardness, and grain size were determined through experimental data analysis and used in calibrating the model. The MSF model was able to accurately correlate the experimental data performed by varying the material parameters determined from material characterization efforts. To appropriately analyze the total fatigue life, the MSF model was discretized into estimations for the incubation and crack growth stages. As such, the MSF model reveals that small crack growth dominates total fatigue life for high-strain amplitudes, and the incubation stage is dominant in the total fatigue life for low-strain amplitudes. Figure 12d shows model fits for the base metal and both welding parameter sets, showing the model's capability to capture the effects of FSW on the fatigue life. Figure 12 shows the fatigue life with an MSF model fit to the results for the BM (Figure 12a ), FSW AA2099 produced at 400 rpm and 100 mm/min (Figure 12b ), and FSW AA2099 produced at 700 rpm and 500 mm/min (Figure 12c ). The material parameters yield strength (σy), ultimate strength (σult), hardness, and grain size were determined through experimental data analysis and used in calibrating the model. The MSF model was able to accurately correlate the experimental data performed by varying the material parameters determined from material characterization efforts. To appropriately analyze the total fatigue life, the MSF model was discretized into estimations for the incubation and crack growth stages. As such, the MSF model reveals that small crack growth dominates total fatigue life for high-strain amplitudes, and the incubation stage is dominant in the total fatigue life for low-strain amplitudes. Figure 12d shows model fits for the base metal and both welding parameter sets, showing the model's capability to capture the effects of FSW on the fatigue life. 
Conclusions
In this study the effects of friction stir welding (FSW) on the fatigue properties of AA2099 were examined. Based on the results of this study, the following conclusions were made:
• AA2099 was successfully friction stir welded free of large voids or welding defects. In both of the welds, four characteristic regions could be identified: the stir zone (SZ), the thermo-mechanical affected zone (TMAZ), the heat-affected zone (HAZ), and base metal (BM).
•
The SZ in Weld II was considerably smaller than that of Weld I, yet the grain size in the SZ of Weld I was smaller than that of Weld II. These size effects were correlated to the heat inputs.
Although Welds I and II displayed similar cross-section hardness profiles, the hardness values in the SZ of weld I were slightly lower than those of Weld II. Weld I was produced at a lower transverse speed, which increased the heat input in the material and further enabled the dissolution of strengthening precipitates resulting in these lower values.
The heat input of the FSW process enabled the dissolution of the strengthening precipitate δ' and the dissolution or coarsening of fine T 1 precipitates. Welds I and II had lower amounts of T 1 particles than that in the BM. Although the sizes of the T 1 precipitates in Weld II increased in relation to the BM, they were noticeably smaller than those of Weld I.
For strain amplitudes below 0.3%, the elastic strain amplitude was significant in the cyclic deformation. In contrast, at strains amplitudes above 0.1%, the plastic strain amplitude was the dominant factor.
Overall, the base material demonstrated higher fatigue resistance in both high-cycle and low-cycle fatigue than the FSW specimens.
For low-cycle fatigue, the two welded parameters displayed similar fatigue results.
The high-cycle fatigue of Weld II (700 rpm and 500 mm/min) showed fatigue lives 1.5-2 times greater than that of Weld I (400 rpm and 100 mm/min).
Fracture specimens displayed crack deflection, delamination failure features commonly observed in Al-Li alloys. Fatigue cracks initiated at particles located near the surface of the samples.
The MSF model was successfully modified to account for competing effects of grain size and hardness variations within an FSW.
